Noninvasive positron emission tomography (PET) provides a potential method for in vivo tracking of radiolabeled cells. The goal of this study was to assess the potential toxicity of 64 Cu-pyruvaldehyde-bis(N4-methylthiosemicarbazone) (PTSM) on rhesus monkey CD34 + hematopoietic and mesenchymal stem cells in vitro in preparation for developing imaging protocols posttransplantation.
S TEM AND PROGENITOR CELL THERAPY focuses on using the unique characteristics of stem and progenitor cells to regenerate damaged tissues. [1] [2] [3] However, understanding the fate of transplanted cells requires in vivo imaging technologies that can safely and effectively monitor the cells. Traditionally, cell trafficking has been performed using laborious tissue analysis, 4 but with the development of noninvasive imaging technolo-gies, studying the trafficking of cells in vivo is now feasible. With the wide array of imaging techniques currently in use, it is crucial to consider an imaging modality that is relatively noninvasive, is sufficiently sensitive to detect the cells in vivo, provides a method for quantitation, and uses labeling techniques for imaging that will not alter the structure or function of the cells.
Three common imaging technologies used experimentally for cellular tracking are optical imaging, magnetic resonance imaging (MRI), and nuclear imaging. Optical imaging techniques are based on fluorescence (eg, enhanced green fluorescent protein) or bioluminescence (eg, luciferase). 5 These techniques have the advantages of being relatively noninvasive and inexpensive and typically do not involve hazardous materials. However, they have some limitations when compared with MRI and positron emission tomography (PET) owing to high scattering and absorption of light in tissue, resulting in limited depth penetration. MRI, using cells labeled with iron oxide nanoparticles, provides another approach. 6, 7 Signals are readily obtained at a depth from within tissue, and detection of small numbers of cells has been demonstrated in mouse models. 8, 9 However, the labeled cells produce negative contrast and therefore can be readily detected only in tissues that exhibit high MRI signal levels. This makes whole-body imaging studies to determine the biodistribution of cells difficult. The signal generation mechanism, and the fact that the signal void produced by labeled cells can ''bleed'' into surrounding tissues, also makes quantification problematic.
Nuclear imaging consists of two common modalities, single-photon emission computed tomography (SPECT) and PET, 10, 11 which have exceptional sensitivity, reaching nano-to picomolar levels, with the gamma radiation produced having a good penetration depth in tissues. However, PET and SPECT are limited by their low spatial resolution. Recent developments in instrumentation for small animal PET and SPECT has resulted in improved resolution performance (typically 1 to 2 mm for in vivo studies) while still maintaining high sensitivity. 12 The images are also readily quantified, allowing numbers of cells to be determined in vivo, and the whole body can be studied, allowing the biodistribution of cells to be followed over time.
For these studies, the positron-emitting radionuclide 64 Cu was chosen in conjunction with PET. 11 64 Cu has a half-life of 12.7 hours and is one of the longer-lived PET radionuclides, allowing labeled cells to be tracked for 2 to 3 days. It also has a relatively low positron emission energy (0.65 MeV), 11 which reduces positron range effects in PET imaging. However, in addition to positron emission, 64 Cu also decays by electron capture and b 2 decay, making radiation dosimetry somewhat complex. 64 Cu can be passively delivered into the cells via the lipophilic redoxactive carrier molecule pyruvaldehyde-bis(N4-methylthiosemicarbazone) (PTSM), 13, 14 allowing for rapid radiolabeling of cells. PTSM has higher binding affinity for divalent [Cu(II)] rather than monovalent Cu [Cu(I)]. The stable Cu(II)-PTSM is reduced to the more labile Cu(I)-PTSM complex. The charged Cu(I) ion dissociates and is captured by intracellular macromolecules, whereas the neutral PTSM diffuses back out of the cell. 13, 14 This passive diffusion process results in the uptake of Cu-PTSM, which is driven by the concentration gradient across the cellular membrane ( Figure 1 ). As previously reported, 13 the influx of 64 Cu-PTSM into glioma cells has been shown to equilibrate after about 3 hours.
Although 64 Cu has good imaging characteristics, very little is known about the effects of 64 Cu-PTSM on the growth and function of radiolabeled cells. Thus, the studies described focused on assessing the effects of 64 Cu radiolabeling on the viability, growth, and differentiation of rhesus monkey CD34 + hematopoietic cells 15 and mesenchymal stem cells (MSCs) 16, 17 at different 64 Cu-PTSM concentrations. The overall goal was to determine the feasibility of using 64 Cu to radiolabel stem and Figure 1 . Schematic of 64 Cu-PTSM uptake and retention by cells. PTSM binds with the divalent form of copper to form a complex that can passively diffuse across the cell membrane. Once inside the cell, Cu(II)-PTSM is reduced to the monovalent Cu(I)-PTSM complex and dissociates. Copper is captured by the intracellular macromolecules, whereas the neutral PTSM diffuses back out of the cell. Adapted from Adonai et al. 13 progenitor cells for in vivo imaging and to assess cell migration and trafficking. These studies have shown that although the toxic effects on cell growth and differentiation can be observed at the highest concentrations studied, radiolabeling CD34 + hematopoietic cells and rhesus monkey mesenchymal stem cells (rhMSCs) is feasible and permits adequately sensitive imaging while ensuring that the toxic effects of the labeling are kept to a minimum.
Materials and Methods

Cell Isolation and Culture
All animal procedures conformed to the requirements of the Animal Welfare Act, and protocols were approved prior to implementation by the Institutional Animal Care and Use Committee at the University of California, Davis.
Preliminary studies were performed using peripheral blood mononuclear cells (PBMCs) obtained from two healthy adult rhesus monkeys (10 mL) following protocols previously described. 18 Briefly, PBMCs were isolated by density gradient centrifugation using Histopaque (1.077 g/cm 3 ; Sigma-Aldrich, St. Louis, MO) at 400g for 30 minutes at room temperature. The mononuclear cell layer was collected, washed with RPMI-1640 medium (Invitrogen, Carlsbad, CA), and centrifuged for 20 minutes at room temperature using established protocols. 15, 18 CD34 + hematopoietic cells were isolated from bone marrow aspirates (<10 mL) collected from the iliac crest of 11 rhesus monkeys (4 infants, 4 juveniles, 3 adults) using standardized protocols. 15 The collected cells were filtered through Falcon 40 mm nylon cell strainers (Fisher Scientific, Pittsburgh, PA) and isolated with density gradient centrifugation. Cells were then immunoselected using MiniMACS separation columns using an antibody for CD34 + cells (Clone 563 PE antihuman CD34, BD Biosciences, San Jose, CA), as previously described. 15 The CD34 + cells were cryopreserved using a controlled rate cryopreservation protocol using 10% dimethylsulfoxide (DMSO) (Sigma) and 10% fetal bovine serum (Invitrogen) and then stored in liquid nitrogen. Cells were thawed immediately before radiolabeling using established techniques.
The rhMSCs were isolated and expanded from early third-trimester fetal bone marrow (120 days gestation [term 165 6 10 days], N 5 3) collected after tissue harvest by flushing the long bones with medium, as previously described. 16, 17 The isolated cells were plated at 1 3 10 5 cells/cm 2 in polystyrene culture dishes (Falcon, Franklin Lakes, NJ) in Dulbecco's Modified Eagle Medium (Invitrogen) consisting of 20% fetal bovine serum, 1% penicillin-streptomycin (Invitrogen), and 1% L-glutamine (Invitrogen). After 48 hours of incubation at 37uC and 5% CO 2 , the cells were washed with phosphate-buffered saline (PBS) (Invitrogen) three times to remove the nonadherent cells, as previously described. 16, 17 Medium was replaced every other day until the cells reached <80% confluence. The collected cells were then plated at 1 3 10 3 cells/cm 2 in MSC culture medium, incubated at 37uC, 5% CO 2 , and passaged when the cells reached <80% confluence. The second passage was used for radiolabeling. 19 was produced by cyclotron irradiation of 64 Ni at the Washington University at St. Louis School of Medicine, Department of Radiological Science, using established methods. 20 The 64 Cu chloride solution was buffered in 0.25 mM ammonium acetate. Appropriate amounts of 64 Cu-ammonium acetate solution was added to 2 mL (10 mg/mL, 82 nM) of PTSM in DMSO and incubated at room temperature for 10 minutes. The crude 64 Cu-PTSM solution was purified using mini C-18 cartridges (ORTG, Oakdale, TN). The product was loaded onto the C-18 cartridge, washed with water, and subsequently eluted with ethanol (0.1 mL). The ethanol was removed from the product using an Eppendorf Vacufuge 5301 Concentrator (Brinkmann Instruments, Westbury, NY) at room temperature. The remaining radioactive residue was resuspended in PBS and filtered (0.22 mm) for sterility. The product was analyzed using silica thin-layer chromatography (TLC) plates (EMD Chemicals, Gibbstown, NJ), eluted with ethyl acetate, and the plate scanned using an AR-2000 TLC plate reader (Bioscan, Washington, DC).
PBMCs were radiolabeled in suspensions of 0.5 3 10 6 cells/tube at 64 Cu-PTSM concentrations of 0 to 40 mCi/mL in different volumes of RPMI-1640 medium (250, 500, 1,000 mL). Suspensions of CD34 + hematopoietic cells (1.0 3 10 6 cells/tube) were radiolabeled with 64 Cu-PTSM at concentrations of 0 to 40 mCi/mL in 1 mL of culture medium consisting of X-Vivo 15 serum-free medium (Cambrex Bio Science, Baltimore, MD), Flt3/Flk2 ligand (R&D Systems, Minneapolis, MN), stem cell factor (R&D Systems), and thrombopoietin (R&D Systems). rhMSCs were plated in six-well plates at cell concentrations of 0.5 3 10 6 cells/well and allowed to adhere overnight. The attached rhMSCs were incubated with 0 to 40 mCi/mL 64 Cu-PTSM in MSC culture medium (1 mL). All cell labelings were performed at 37uC, 5% CO 2 conditions for 3 hours. After incubation, all free 64 Cu-PTSM was removed by washing three times with PBS. The pellet and washes were counted using the Wallac Wizard 1470 gamma counter (Perkin Elmer, Shelton, CT).
Nonradioactive copper labeling was performed using the same methods described above. The labeling concentrations used were 0 to 1,000 pmol of Cu/mL for CD34 + hematopoietic cells and 0 to 230 pmol of Cu/mL for rhMSCs.
T-Cell Proliferation Assay
Radiolabeled PBMCs were evaluated for their proliferation capability using the colorimetric 5-bromodeoxyuridine (BrdU) enzyme-linked immunosorbent assay (Roche, Penzberg, Germany) according to the manufacturer's instructions and established protocols. 21, 22 Briefly, the cells were plated onto 96-well plates at 5.0 3 10 4 cells/well with 50 mL 103 ConA in triplicate and incubated at 37uC, 5% CO 2 conditions for 4 days. After incubation, 10 mL/ well of 100 mM BrdU labeling reagent was added and incubated for 24 hours. Plates were then centrifuged for 10 minutes at 1,500 rpm at room temperature and denatured with FixDenat solution (Roche) for 30 minutes. With the addition of 100 mL/well anti-BrdU conjugated to peroxidase, the cells were then incubated at room temperature for another 2 hours. After removing the antibody conjugate, substrate solution was added for 15 minutes, and then the reaction was stopped by the addition of 25 mL/well of 1 M H 2 SO 4 . The absorbance was immediately measured at 450 nm using a microplate reader (Model 680, Bio-Rad, Hercules, CA).
Hematopoietic Colony-Forming Unit Assay
Colony-forming unit (CFU) assays were performed on the radiolabeled CD34 + hematopoietic cells as previously described. 15 Briefly, the cells were suspended in MethoCult GF + H4435 containing erythropoietin, granulocyte colony-stimulating factor, granulocyte-macrophage colony-stimulating factor, stem cell factor, interleukin-3, and interleukin-6 (Stem Cell Technologies, Inc., Vancouver, BC) and plated in fibroblast-free 35 mm plates at 5.0 3 10 3 cells/cm 2 in duplicate. The plates were incubated at 37uC, 5% CO 2 for a standard incubation period of approximately 10 days. 15 At the end of the culture period, the individual erythroid and myeloid progenitors were counted and collected.
rhMSC Viability and Proliferation 64 Cu-PTSM-labeled rhMSCs were cultured overnight in fresh medium and then trypsinized, and the viability was assessed using trypan blue exclusion dye. The quantity of viable cells was determined using a hemacytometer and light microscopy (Olympus America Inc., Center Valley, PA). Cells were replated in six-well plates at 1 3 10 3 cells/ cm 2 . Proliferation was checked every other day for approximately 14 days. For each time point, the number of viable cells was counted.
In Vitro rhMSC Differentiation rhMSCs were differentiated toward adipogenic, osteogenic, and chondrogenic lineages using Adipogenic, Osteogenic, and Chondrogenic Differentiation Medium, respectively (Cambrex Bio Science) and following the manufacturer's recommendations. 16 For adipogenic differentiation, 64 Cu-PTSM-labeled rhMSCs were plated at 2.1 3 10 4 cells/cm 2 in duplicate and cultured in MSC culture medium until confluent with fresh medium changes every 2 to 3 days. Once confluence was achieved, cells were induced with Adipogenic Induction Medium. Cells were stimulated toward adipogenic differentiation under three cycles of induction and maintenance culture conditions at 37uC, 5% CO 2 . The cells were then cultured for approximately 7 days in the Maintenance medium, with medium changes every 3 days. Adipogenic differentiation was noted by observation of lipid vacuoles in the culture plates. For analysis, cells were washed with PBS, fixed with 10% formalin, and stained with Oil Red O dye. The dye was then extracted with isopropanol and measured for optical density (OD) at 510 nm using a spectrophotometer.
For osteogenic differentiation, 64 Cu-PTSM-labeled rhMSCs were plated at 3.1 3 10 3 cells/cm 2 in duplicate at 37uC, 5% CO 2 overnight. Cells were induced with Osteogenic Induction Medium, which was changed every 3 to 4 days for 2 to 3 weeks. Cells were then assessed for calcium production by suspension in 0.5 N HCl for 4 hours. The supernatant was mixed with Calcium Coloring Reagent (Teco Diagnostics, Anaheim, CA), and OD was measured at 570 nm. Using a standard curve, the OD values were converted into calcium concentration.
For chondrogenic differentiation, approximately 2.5 3 10 5 labeled rhMSCs were pelleted by centrifugation at 150g for 5 minutes at room temperature. Cells were induced to differentiate with Chondrogenic Induction Medium. The pellets were incubated at 37uC, 5% CO 2 for 3 to 4 weeks while replacing the induction medium every 2 to 3 days. At the end of induction, pellets were collected and frozen in OCT embedding compound (Sakura Finetek, Inc., Torrance, CA). The pellets were then sectioned at 5 mm and stained for glycosaminoglycans using the Safranin O stain. Ten random sections were chosen using a random generator and counted to estimate the volume of the chondrogenic fraction of the pellet using the Cavalieri method and CAST Grid Stereology System (Visiopharm, Hørsholm, Denmark). 23 
In Vitro Imaging
In vitro microPET of the radiolabeled CD34 + cells and rhMSCs was performed in 96-well plates. Cells were plated at eight different cell densities: 0, 6.25 3 10 3 , 1.25 3 10 4 , 2.50 3 10 4 , 5.00 3 10 4 , 1.00 3 10 5 , 2.00 3 10 5 , and 4.00 3 10 5 cells/well, which approximately corresponded to a total radioactivity of 0, 0.007, 0.014, 0.03, 0.06, 0.11, 0.22, and 0.45 mCi, respectively, for CD34 + cells and 0.03, 0.06, 0.11, 0.22, 0.44, 0.89, and 1.78 mCi, respectively, for rhMSCs. The final volume of each well was 200 mL. One plate contained the four higher cell densities (5.00 3 10 4 to 4.00 3 10 5 cells/well) and the second plate the lower cell densities (0 to 2.50 3 10 4 cells/well). The plates were placed on the scanning bed and imaged for 30 minutes using a microPET P4 scanner (Siemens Preclinical Solutions, Knoxville, TN). 24 The images were reconstructed using a filtered backprojection algorithm to yield a pixel size of approximately 1.9 3 1.9 mm (matrix 5 128 3 128). The slice thickness (z dimension) was 1.2 mm (with 53 slices total).
Statistical Analysis
The results were reported as the mean 6 standard error of the mean, and calculations were performed using Microsoft Excel (Microsoft, Redmond, WA). The statistical significance for group comparisons was determined by analysis of variance and a two-sided Student t-test, where p , .05 was considered statistically significant.
Results
Preliminary Studies with PBMCs
Preliminary studies were performed with PBMCs and focused on viability and proliferation when cells were radiolabeled with differing 64 Cu-PTSM concentrations (0, 5, 10, 20, and 40 mCi) in different media incubation volumes (250, 500, 1,000 mL RPMI). With $ 20 mCi, viability was found to decrease approximately 10-fold when compared with control, unlabeled cells (p , .05). Using an established lymphocyte proliferation assay, 21, 22 significant differences were observed with concentrations $ 20 mCi (250 mL volume) (data not shown). At 64 Cu-PTSM levels , 20 mCi, no adverse effects were observed. Since the effects on viability and proliferation were observed in these preliminary studies with the 20 mCi/mL concentration, the same volume range of 64 Cu-PTSM (0-40 mL/mL) was used for studies with CD34 + hematopoietic cells and rhMSCs. In addition, because the 1 mL medium volume with 3 hours of incubation showed good labeling efficiency, cell viability, and cell proliferation, this volume and incubation time were chosen for the study.
Labeling Efficiency and Cell Viability
CD34 + hematopoietic cells from 11 rhesus monkeys and rhMSCs from three fetal rhesus monkeys were radiolabeled with 0 to 40 mCi/mL 64 Cu-PTSM, and the labeling efficiency was measured using a gamma counter with an energy window (400-600 keV) around the 511 keV photopeak. The results of these studies are shown in Figure 2 and suggest differences in the quantity of radioactivity retained in each of the cell types assessed. For example, CD34 + hematopoietic cells had a labeling efficiency of up to 0.8 pCi/cell (at 40 mCi/mL), whereas Figure 2 . 64 Cu uptake per cell for CD34 + hematopoietic cells and rhesus monkey mesenchymal stem cells (rhMSCs). Uptake of 64 Cu for rhMSCs was 3 to 10 times higher when compared with CD34 + hematopoietic cells. The amount of 64 Cu retained at 10 mCi/mL with rhMSCs was also higher when compared with CD34 + cells at 40 mCi/mL. rhMSCs radiolabeled with the same quantity of 64 Cu-PTSM showed a labeling efficiency of up to 8.2 pCi/cell. Viability was assessed 24 hours postlabeling using trypan blue dye exclusion. The percentage of viable CD34 + cells (14 to 30% range for all of the radiolabeling concentrations, including the unlabeled control) showed a decreasing trend as the 64 Cu-PTSM concentration increased. In contrast, there was no evidence of effects on viability when rhMSCs were radiolabeled with # 20 mCi/mL 64 Cu-PTSM. At 40 mCi/mL, the viability of rhMSCs was found to be 88%, which was not statistically significant when compared with the lower 64 Cu-PTSM concentrations (p . .05).
CD34 + Hematopoietic Cells
CD34 + hematopoietic cells were assessed for effects on hematopoietic colony formation (CFUs) by plating 5.0 3 10 4 radiolabeled CD34 + hematopoietic cells in MethoCult, as previously described, and the resulting erythroid (CFU-E) and myeloid (CFU-GM) progenitors were assessed. 15 CD34 + cells radiolabeled with 10 and 20 mCi/mL resulted in 64 6 15 and 45 6 12 myeloid (CFU-GM) colonies, respectively, which were not significantly different when compared with colony formation of unlabeled, control CD34 + cells (83 6 19 colonies). However, at 40 mCi/mL, a significantly lower number of CFU-GM (22 6 6, p , .05) ( Figure 3 ) was found. Erythroid progenitors (CFU-E) ranged from 16 6 7 to 31 6 15, which was not significantly different when compared with the unlabeled, control CFU-E (29 6 10). These findings suggest that radiolabeling of CD34 + hematopoietic cells with 64 Cu-PTSM at 40 mCi/mL had an adverse effect on CFU-GM colony formation when assessed in vitro.
rhMSC Growth and Differentiation
The initial functional assay performed on 64 Cu-PTSMlabeled rhMSCs was to assess proliferation potential when cultured at 1 3 10 3 cells/cm 2 , using established protocols. 16 When rhMSCs were radiolabeled with 5 or 10 mCi/mL 64 Cu-PTSM, no effects on growth were observed ( Figure 4A ). Cells were found to enter the exponential growth phase at approximately the second day in culture with a plateau at approximately 9 days in culture. By day 7, the total population doubling times of cells radiolabeled with 5 to 10 mCi/mL 64 Cu-PTSM (4.6 6 0.2) were not significantly different when compared with the unlabeled, control cells (4.7 6 0.2). However, when cells were radiolabeled with $ 20 mCi/mL, significant effects on growth were observed (2.1 6 0.5 population doublings by day 7) when compared with the lower 64 Cu-PTSM concentrations (p , .01). Cells labeled at the higher concentrations showed a growth lag and slower entry into the exponential growth phase at 4 to 7 days. After 13 days in culture, rhMSCs radiolabeled with 20 mCi/mL 64 Cu-PTSM showed cell counts (6.0 3 10 5 6 2.0 3 10 5 cells) similar to those cells labeled with 0 to 10 mCi/mL (7.7 3 10 5 6 2.4 3 10 5 cells), whereas cells radiolabeled with 40 mCi/mL were about half (3.8 3 10 5 6 1.3 3 10 5 cells). No significant differences were found in the total population doubling times after 13 days of culture when comparing cells labeled with 5 to 40 mCi/mL (5.7 6 0.3) and the unlabeled, control cells (6.1 6 0.5). In addition, once cells radiolabeled with 5 to 40 mCi/mL entered the exponential growth phase, the population doubling times (29.3 6 1.6 to 37.4 6 6.9 hours) were shown to be similar to unlabeled, control cells (27.8 6 4.5 hours) (p . .05). 64 Cu-PTSM-radiolabeled rhMSCs were differentiated toward the adipogenic lineage, and the results were quantified with Oil Red O stain. 16 The results for cells radiolabeled with 5 to 40 mCi/mL 64 Cu-PTSM (0.42 6 0.29 to 0.48 6 0.25) did not vary significantly when compared with the unlabeled, control cells (0.49 6 0.21) (p . .05) ( Figure 4B ). Osteogenic differentiation was also performed on 64 Cu-PTSM-labeled rhMSCs, and the results were analyzed using a colorimetric assay for the amount of calcium produced. Using a standard curve, results were converted to the corresponding calcium concentration. The results for 5 to 20 mCi/mL (range of 18.4 6 11.4 mg/dL to 22.8 6 11.0 mg/dL) did not show any significant differences when compared with the unlabeled, control cells (22.1 6 10.7 mg/dL) (p . .05) ( Figure 4C ). However, at 40 mCi/mL 64 Cu-PTSM, osteogenic differentiation (0.8 6 0.8 mg/dL) was shown to decrease significantly when compared with the lower 64 Cu-PTSM concentrations (p , .01).
Chondrogenic differentiation was also quantified using the Cavalieri method to estimate the chondrogenic pellet volumes. The pellets were compared by the percentage of differentiated chondrogenic volumes to the total pellet volumes. The percentage of chondrogenic differentiation was shown to decrease with increasing 64 Cu-PTSM concentrations ( Figure 4D ). At 5 and 10 mCi/mL, the chondrogenic percentages (26.8 6 0.6% to 28.6 6 1.2%) were significantly lower (p , .05) than the unlabeled, control cells (48.8 6 5.6%). At 20 and 40 mCi/mL, the percentages (8.5 6 6.5% to 19.0 6 3.0%) also decreased significantly when compared with 5 and 10 mCi/mL 64 Cu-PTSM (p , .01).
Nonradioactive Copper Labeling
The final 64 Cu-PTSM solution used for radiolabeling of cells included 64 Cu-PTSM (0.005-0.05%), nonradioactive Cu-PTSM (1.0-55.0%), and free PTSM (45-99%). Each 64 Cu-PTSM production had varying specific activity, and the amount of actual copper ions retained inside the cells (CD34 + and rhMSCs) differed between the studies. To assess the effects of copper toxicity, various nonradioactive copper concentrations were chosen depending on the quantity of copper used for the 64 Cu-PTSM radiolabeling studies. CD34 + cells from infant, juvenile, and adult rhesus monkeys were labeled with a range of 0 to 1,000 pmol Cu/mL and did not show any significant differences in cell viability or in the CFU assay. rhMSCs from fetal monkeys labeled with 0 to 230 pmol Cu/mL also showed no significant differences in cell viability, growth, or differentiation. Thus, these studies supported the hypothesis that the effects on the cells resulted from the radioactivity and not the presence of copper.
Radiolabeled Cell Quantity versus MicroPET Signal Intensity
To assess the imaging potential of the cells, different cell densities (0-4 3 10 5 cells/well) radiolabeled under the optimized conditions of 20 mCi/mL for CD34 + hematopoietic cells and 10 mCi/mL for rhMSCs were plated in 96well plates in triplicate and then imaged on the microPET scanning bed 1 hour postlabeling ( Figure 5 ). The relation- Figure 4 . Effects of radiation on rhesus monkey mesenchymal stem cell (rhMSC) growth and differentiation. Fetal rhMSCs radiolabeled with 64 Cu (5-40 mCi/mL) were evaluated for growth and differentiation potential (B-D). Growth (A) decreased when cells were exposed to $ 20 mCi/mL. The labeling concentrations did not have any effects on adipogenic differentiation when compared with control, unlabeled cells (B). Osteogenic differentiation (C) was significantly reduced with 40 mCi/mL (p , .01). Chondrogenic differentiation (D) was affected at all concentrations studied, although the most significant effects were observed at 20 to 40 mCi/mL (p , .05).
ship between cell number and the signal intensity was found to be linear (see Figure 5A ). For rhMSCs, the cell signal was sufficiently strong to be visible at 6.25 3 10 3 cells ( Figure 5C ), whereas the CD34 + hematopoietic cells were visible at 2.5 3 10 4 cells ( Figure 5E ). The background noise in the absence of cells was negligible.
Discussion
The purpose of this study was to determine the feasibility of radiolabeling CD34 + hematopoietic cells and rhMSCs with 64 Cu-PTSM for imaging and tracking posttransplantation. These studies have shown that the radiolabeling efficiency with 64 Cu-PTSM differed depending on the cell type investigated. For CD34 + hematopoietic cells, significant effects were observed on colony formation at 40 mCi/mL, whereas the effects on rhMSC growth and differentiation were evident at 20 mCi/mL. The microPET images showed that the cells were readily detected when radiolabeled with a total radioactivity of <0.03 mCi. These studies were performed in vitro; thus, it is possible that in vivo detection of the cells will be somewhat less sensitive because of attenuation and scatter, although preliminary results in vivo in nonhuman primates using 1 to 5 3 10 6 CD34 + autologous cells have suggested that the radiolabeling techniques described are highly efficient and provide a method for readily imaging the cells posttransplantation. These studies are in progress, and the results will be reported separately.
Copper exists in two oxidation states (Cu(I) and Cu(II)) and is an essential element for many key physiologic and biochemical functions owing to its redox The relationship between cell density and signal intensity was found to be linear for both CD34 + hematopoietic cells radiolabeled at 20 mCi/mL and rhesus monkey mesenchymal stem cells (rhMSCs) radiolabeled at 10 mCi/mL (A). rhMSCs (B) and CD34 + cells (C) were plated at higher cell densities of 5 3 10 4 to 4 3 10 5 cells/well. Lower densities of rhMSCs (D) and CD34 + cells (E) were plated at 0 to 2.5 3 10 4 cells/well. Signals were detected with minimal background noise at <0.03 mCi for both cell types. Artificial color ranges were assigned to the signal intensities and were not the same for all images.
properties. [25] [26] [27] In copper homeostasis, Cu(I) is transported into the cells by a copper transporter and Cu(II) is transported by a divalent metal transporter. 25, 28 However, once complexed with the lipophilic copper chelator PTSM, copper can be transported into the cells by passive diffusion, thus bypassing the normal cellular metabolic and excretory pathways. In normal, noncancerous cells, Cu(II)-PTSM has been shown to be reduced specifically in the mitochondria. 29, 30 The copper molecule subsequently enters the pathway of copper metabolism remaining in the cytosol bound to metallothioneins and other proteins. 27, 31 Although copper is very important physiologically, it can be toxic when available in excess. 26 Cellularly, free copper ions participate in the formation of reactive oxygen species, 32 which can induce deoxyribonucleic acid (DNA) strand breaks and oxidation of bases. 33 When using cyclotron-produced 64 Cu, the radioisotopic purity of the 64 Cu is very high, but the amount of copper contaminants prior to processing in the cyclotron can result in a significant difference in the specific activity. 20 Thus, the 64 Cu to Cu ratio inconsistency can result in very different copper concentrations. However, the results of these studies have shown that the variations in the copper concentrations studied did not result in any detectable effects on the cells. Studies have shown that at 5 mM, copper may stimulate respiration and collapse of the membrane potential in the mitochondria. 34 Given that all of the 64 Cu labeling experiments used copper concentrations below the nanomolar range, the copper amounts were not sufficiently high to cause toxic cellular effects. Thus, all of the effects observed in these studies were determined to be from radiation ( 64 Cu) and not from the copper per se.
Considerable experimental evidence has shown that radiation primarily targets DNA, leading to mitotic death. 35, 36 Thus, radiation can result in single-and double-strand breaks, DNA-protein cross-links, and oxidized bases. 36, 37 Cells may attempt repair; however, this can lead to chromosomal aberrations, cell death, mutagenesis, and carcinogenesis. 38, 39 Irradiation has also been shown to induce delays in the cell cycle. 40, 41 Given that these are phases of DNA checkpoints and DNA replication, DNA damage could cause repair delay. This could explain the initial rhMSC growth delays that were observed at 20 and 40 mCi/mL in this study. Owing to the possible radiation damage to the DNA strands, it may take some time to repair the cells before dividing. It is also possible that at 20 and 40 mCi/mL, some of the cells may no longer be viable; therefore, the time for the remaining viable cells to expand to the quantity of cells grown at the lower concentrations could result in longer population doubling times. This suggests that once cells reach the exponential growth phase, or when the initial radiation damage has been repaired, the radiation may not have any further adverse effects on the cells. This could explain the results observed with rhMSC viability. Although no significant differences in cell viability were shown when comparing the concentrations studied, there was a slight decline in cell viability with increasing concentrations. In addition, approximately 24 hours after radiolabeling, there were more viable cells present than at the initial plating, suggesting that the cells proliferated.
Studies that suggest that radiation impedes cell growth may also explain the outcomes in the rhMSC differentiation studies. No significant effects were observed on adipogenic differentiation, but a significant decline was observed at 40 mCi/mL for osteogenic differentiation. With adipogenic differentiation, substantial proliferation of the cells is not required prior to differentiation; with osteogenic differentiation, the quantity of cells plated was approximately one-tenth of those required for adipogenesis. Thus, more time was necessary for the cells to proliferate and reach confluence before differentiation was induced. Consequently, the effects on cell growth may have played a role in osteogenic differentiation, with effects on differentiation owing to the quantity of cells available. For chondrogenic differentiation, the cells were differentiated in a pellet and are concentrated in one small volume. Thus, the amount of radiation absorbed by the cells is more significant than for those cells grown in monolayers.
Different cell types may respond differently to 64 Cu radiolabeling. This was shown in the uptake of 64 Cu when comparing CD34 + hematopoietic cells with rhMSCs. CD34 + cells are smaller than rhMSCs and thus may retain less 64 Cu. Alternatively, CD34 + cells may be less able to reduce Cu(II)-PTSM to Cu(I)-PTSM, thus allowing more of the activity to efflux from the cells and lowering the amount of radioactivity trapped within the cells. Although the CD34 + cells were shown to have lower radioactivity per cell, the radiolabeling of the cells indicated some alterations in proliferation capabilities, as evidenced in the CFU assay. This was primarily related to CFU-GM colony growth at 40 mCi/mL. Studies have suggested variation in sensitivity to radiation and that erythroid progenitors may be less sensitive to radiation than GM progenitors. [42] [43] [44] Radiolabeled CD34 + hematopoietic cells showed significant adverse effects when 40 mCi/mL 64 Cu-PTSM was used, and an optimized concentration was found to be 20 mCi/mL. For rhMSCs, proliferation and differentiation were altered at 20 mCi/mL, and an optimized radiolabeling concentration was determined to be 10 mCi/mL. CD34 + hematopoietic cells were also shown to retain less 64 Cu than rhMSCs. Owing to this difference in retained radioactivity, a higher quantity of CD34 + cells was found to be necessary for efficient microPET imaging. It was noted that the signal activity increased linearly with an increase in the cell number and that this trend did not vary significantly between the two cell types studied.
